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Microbes are integral to global carbon cycling, directly and indirectly affecting atmospheric carbon levels that, in turn, further drive global climate change, according to an array of researchers who spoke in Boston during the 2014 ASM General Meeting. In most cases, photosynthetic microbes remove carbon dioxide from the atmosphere, converting this gas into biomass or helping plants to do so. However, heterotrophic microbes in soils and in the sea can help to produce greenhouse gases by decomposing organic matter. The balance between these opposing processes determines net carbon flux, and varies from one ecosystem to another and with climate conditions such as temperature. Microbial responses are a key but only partly understood component of carbon flux for the planet.
"Although microorganisms catalyze most biosphere processes related to fluxes of greenhouse gases, little is known about the microbial role in regulating future climate change, " says Jizhong Zhou of the University of Oklahoma in Norman, who spoke during the session, "Microbial Interactions in a Changing Climate." In trying to unravel this mystery, he and other researchers are studying diverse terrestrial and aquatic ecosystems, stretching from the poles to the equator, in an effort to determine where microbes mitigate or exacerbate climate change, and how changing climate conditions influence their roles in global carbon cycling. In many cases, they report, microorganisms act as buffers against increasing atmospheric carbon dioxide levels, slowing but not altogether halting climate change.
Marine Microbes Near Antarctica Sequester Carbon Dioxide from the Atmosphere
Oceans, particularly in polar regions, support huge numbers of photosynthetic microorganisms that sequester large volumes of carbon from the atmosphere, according to Patricia Yager of the University of Georgia, who spoke in the same session as Zhou. "High-latitude oceans are capable of taking up massive amounts of atmospheric carbon dioxide due to high biological productivity and low temperature," she says. While oceans sequestered approximately 25% of human-generated carbon dioxide since 1960, the Southern Ocean is responsible for absorbing the lion's share, about 40% of this total, mostly by physical processes, she points out.
Yager and her collaborators study polynyas, areas of open ocean that are surrounded by sea ice that provide habitats for phytoplankton blooms (Fig. 1 ). These blooms act as effıcient biological pumps, fıxing carbon dioxide into biomass, which then sinks to the ocean floor to form long-term carbon stores, she says. "Polynyas are often areas of high biological production during summer, facilitating substantial carbon dioxide exchange with the atmosphere." For instance, the Amundsen Sea Polynya (ASP) has the highest algal productivity in all the Southern Ocean. It removed, on average, 18 mmol of carbon per m 2 per day from the atmosphere during the 2010 -2011 season, with some high productivity areas doubling that rate. This high carbon flux is 50% larger than that reported during peak blooms in the well-studied Ross Sea, and well over those of most continental shelves around the world.
"As the most biologically productive polynya per unit area, the ASP provides a window to investigate and better understand the sensitivities and vulnerability of biogeochemical cycling in the coastal regions of Antarctica," says Yager. Polynyas are highly climate sensitive, and have been undergoing seasonal shifts due to global warming that influence sea ice coverage and therefore carbon flux. Higher temperatures, as well as changes in seasonal winds and wind-driven ocean circulation, are causing polynyas to open up earlier in the season, potentially allowing for more productive blooms. "Earlier opening of the ASP could extend the productive season and enhance the magnitude of the phytoplankton bloom, if enough light and iron are available," she says. "In this event, the ASP could become a greater carbon sink in the near future."
Indeed, for the past three decades, the Southern Ocean consistently removed increasing amounts of carbon from the atmosphere, acting as a biological buffer to help mitigate climate change, according to Yager. However, with increasingly rapid environmental changes in polar regions, it is diffıcult to predict whether these microbial communities in polynyas will continue to offset anthropogenic carbon dioxide production, she warns.
FIGURE 1
Open areas of sea ice around Antarctica, called polynas, provide habitats for phytoplankton blooms that remove substantial amounts of carbon from the atmosphere. Rapid environmental changes in these areas may affect their contribution to carbon removal. (British Antarctic Survey photo.)
Arctic Sea Ice Provides a Habitat for Microbes that Remove Carbon from the Atmosphere
Ocean waters in the Arctic also harbor aquatic microbes that remove carbon from the atmosphere, according to Antje Boetius of the Max Planck Institute for Marine Microbiology in Bremen, Germany, who spoke during the plenary session, "Global Change Microbiology: Anthropogenic Pressures and Microbial Responses." Boetius studies aquatic algae that grow under sea ice, investigating how retreating ice may influence carbon fluxes in these microbial communities.
In the past, thick perennial ice prevented sunlight from penetrating into these below-ice ecosystems, according to Boetius. However, thinning ice layers, and increasing melt-pond coverage provide environments where photosynthetic algae can grow, converting carbon dioxide into biomass. "As a consequence of Arctic warming, primary productivity in and under the ice may be boosted by higher light transmission through thinning sea ice, and the increase in melt pond coverage during summer," she says.
In particular, the diatom Melosira arctica claims responsibility for an estimated 45% of Arctic primary productivity under ice around the North Pole, forming fılaments up to several meters long that anchor to the underside of ice floes. "When the ice gets thinner than 1 meter and they get enough light, M. arctica start growing and in a short period of time build up a large biomass below the ice," says Mar Fernandez, who works with Boetius. These microbial tendrils can cover up to 40 to 80% of the underside of undisturbed ice floes.
M. arctica also acts as a long-term carbon sink when ice melts, leaving these fılaments with no means of flotation. The sub-ice algal aggregates sink rapidly to the sea floor, sequestering substantial amounts of carbon to the benthos layer along the ocean bottom. These algal deposits cover up to 10% of the floor of the central Arctic basin, accounting for 85% of total organic carbon export to the ocean bottom within Arctic ecosystems in 2012, according to Fernandez. With global warming trends, these numbers are also on the rise. "The high amounts of ice algal carbon observed at the sea floor in summer 2012 (median 9 g carbon per square meter) was 10 times higher than total carbon export fluxes measured in the Central Arctic in summer 2007 ( of less than 0.1 g)," she says.
Similar phenomena are under way within other specifıc Arctic ecosystems. "Increases in carbon export flux to the seafloor due to sea-ice retreat were previously observed in the Laptev Sea," says Fernandez. However, the capacity of these Arctic microbes to buffer atmospheric carbon levels may be short-lived as ice floes recede. Indeed, summer sea ice is predicted to disappear by 2050, leaving M. arctica without a substrate on which to grow. "In the long term, when the Arctic crosses its tipping point and summer sea-ice disappears, their life cycle will not be sustainable anymore and they will disappear, resulting in a substantial decrease in sea-ice related productivity and ice-algal export to the benthos," she says.
Tropical River Plumes also Capture Atmospheric Carbon
Tropical oceans also host microbes that sequester carbon from the atmosphere, mitigating climate change, according to Yager. In these otherwise nutrient-poor waters, microbes depend on nutrients delivered by large rivers such as the Amazon, she says. "The nutrients delivered by these river plumes contribute to enhanced primary production in the ocean, and the minerals enhance the sinking flux of this new production, resulting in carbon sequestration." The plume of the Amazon River is the largest on Earth, affecting ecosystem productivity and biogeochemistry thousands of miles offshore, almost all the way to Africa, she says (Fig. 2) .
Microbial communities shift in composition and function throughout the plume of the Amazon, responding mainly to changes in nutrient availability and salinity, according to Yager. In terms of fıxing large amounts of carbon from the atmosphere, the phytoplankton that blooms in water with medium salinity and low nitrogen play an important role, she says. "Plume waters create conditions favorable for carbon and nitrogen fıxation, and blooms of diatoms and their diazotrophic cyanobacterial symbionts have been credited with signifıcant carbon dioxide uptake from the atmosphere." She and her collaborators estimate that the plume sequesters 2.4 x 10 12 mol (or 29 x 10 12 g) of carbon per year. The carbonfıxing diatoms within that plume then sink rapidly to the ocean floor, exporting carbon at rates comparable to other notable carbon sinks located FEATURE ARTICLE at higher latitudes in the southeastern Atlantic and Southern Oceans. This highly effıcient system for handling carbon depends on partnerships among the diatoms Hemiaulus hauckii and Rhizosolenia clevei, and their nitrogen-fıxing cyanobacterial symbionts, Richelia intracellularis. The abundance of these species in plume waters correlates with ecosystem productivity and carbon fıxation, Yager fınds. "The nitrogen-depleted region in the outer plume may be an ecological niche for diazotrophs and their diatom symbionts," she says. "The diazotrph R. intracellularis fıxes nitrogen to support its diatom host Hemiaulus spp. or Rhizosolenia spp., which may drive carbon sequestration in this region. Such symbiotic relationships between marine planktonic microbes are rather new to the scientists, and highlight how biodiversity and biological interaction play a role in ecosystem function."
Other tropical rivers, including the Congo, Nile, and those that feed the China Sea, also exhibit these diatom diazatroph-driven, carbon-sequestration systems, driving important ecosystems that mitigate climate change. However, these waterborne microbial communities are highly sensitive to local environmental conditions. "The enhancement of nitrogen fıxation and consequent carbon sequestration by tropical rivers appears to be a global phenomenon that is likely to be influenced by anthropogenic activity and climate change," Yager says. Changing precipitation patterns and changes in levels of fertilizers from changing land use along these river basins could affect salinity, nutrient, and oxygen availability in these plume-fed waters, altering microbial community structures and potentially disrupting their carbon-cycling functions.
Elevated Microbial Decomposition within Melting Permafrost Releases Greenhouse Gases
On the terrestrial side of polar regions, melting of one-time permafrost tracts also may prove important for microbial carbon cycling. Permafrost is by far the largest terrestrial store of carbon compounds, according to Janet Jansson of Lawrence Berkeley National Laboratory in Berkeley, California, who spoke during the same 2014 ASM General Meeting session as did Zhou and Yager. Permafrost underlies one-fourth of the Earth's terrestrial surface, and it can be several hundred meters deep, she says. These layers contain "huge amounts of buried, ancient organic carbon."
While frozen these soil carbon stores are relatively inert, according to Jansson. However, as temperatures increase throughout the polar regions, these frozen soil layers are thawing, allowing microbes to decompose organic matter that is stored within them. This permafrost thaw also alters largely dormant microbial community structures within those layers, accelerating biogeochemical processes such as respiration, fermentation, and methanogenesis, converting soil carbon into greenhouse gases such as carbon dioxide and methane, she says. "During transition from frozen to a thawed state, there are rapid shifts in many microbial phylogenetic and functional gene abundances and pathways.... multiple genes involved in cycling of carbon and nitrogen shift rapidly during thaw." This reviving microbial activity in thawing permafrost tends to accelerate climate change by releasing carbon dioxide and methane into the atmosphere from the vast amounts of stored organic carbon compounds in those soils.
How these soil-bound microbial communities will respond in the long term to such thawing as vegetation and other environmental factors shift in response to climate change is unknown, and global feedback mechanisms could tip the balance of carbon flux either way, according to Jans-son. "Eventually, microbial activities will dictate whether permafrost environments will be a net source or sink of greenhouse gases in the coming decades, and whether large-scale feedbacks to regional and global climate will develop because of increased (greenhouse gas) emissions," she says.
Native Prairie Grasslands-Microbes Stabilize Carbon Flux
Prairie grasslands are another essential piece of the carbon cycle puzzle, accounting for 31-39% of soil carbon stores and covering 27% of the American landscape, says David Myrold, of Oregon State University in Corvallis, who spoke during the same session as Zhou. Both Myrold and Zhou study soil microbes in these regions, which can release large amounts of carbon dioxide from soil carbon stores. "Soil respiration is the second largest carbon flux on earth... returning 75-80 gigatons of carbon to the atmosphere per year," says Zhou.
Changing precipitation patterns can affect microbial communities in prairie soils, Myrold says. "Climate change is predicted to alter precipitation patterns globally, which may have major effects on the carbon balance of grassland ecosystems. Resulting shifts in microbial carbon cycling activity could affect soil carbon storage.
"We quantifıed rainfall-driven dynamics of microbial processes that affect soil carbon loss and retention... measuring microbial respiration, biomass, organic matter decomposition potential, and community composition," Myrold continues, referring to long-term experiments on swaths of prairie soil microbial communities. When precipitation is less frequent but overall equivalent over the longer term, respiration and carbon dioxide production in those communities also drop, revealing a negative feedback mechanism to conserve soil carbon stores. "Overall, microbial activity may reduce soil organic matter pools less in drier soils, and soil carbon sequestration potential may be higher in soils with a history of extended dry periods," he says. "Soil carbon loss may be reduced or compensated for via different mechanisms at varying time scales." Already by 1999, Zhou began exposing microbial communities within native prairie grasslands in Oklahoma to elevated temperatures and atmospheric carbon dioxide levels. Both warming and elevated carbon dioxide signifıcantly alter the phylogenetic and functional structure of FEATURE ARTICLE these communities, stimulating microbial respiration, he fınds. Microbes actively release labile carbon stores-plant matter that is easily decomposed such as starch, cellulose, and chitin. However, when confronted with other types of carbon compounds, microbial activity remains unchanged, he says. "Differentially stimulating genes for degrading labile but not recalcitrant carbon could be important in maintaining long-term stability and storage of ecosystem carbon."
Despite increases in microbial respiration, net carbon flux within this ecosystem remains constant, again thanks to microbes, Zhou fınds. Warming and elevated carbon dioxide also stimulate microbial genes involved in fıxing nitrogen and using phosphorous, both of which support plant growth that removes carbon from the atmosphere, offsetting increases in microbial respiration, he says. "Warming enhances genes in nutrient-cycling processes such as denitrifıcation, nitrogen fıxation, nitrifıcation, nitrogen mineralization and phosphorous utilization... such changes may have sig-nifıcant impacts on soil carbon and nitrogen dynamics."
Thus, microbial responses to climate change in prairie grasslands exert stabilizing effects on carbon cycling, acting as a buffer for climate change, Zhou says. Without these microbe-mediated mechanisms and feedbacks, more soil carbon would have been lost to the atmosphere. "Although microorganisms play critical roles in ecosystem functioning and regulating the responses of ecosystems to climate change, they are rarely explicitly considered in carbon-climate models."
The roles that microorganisms play in ecosystem carbon cycling dynamics are signifıcant on a global scale, and should be taken into account when estimating the effects of climate change. Although some of these fındings are provisional, in many cases, microbial adaptations to changing environmental conditions point to their important role as effıcient biological carbon pumps, mediating biogeochemical processes and stabilizing feedback mechanisms that help to delay global climate change. 
